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The animal head is a complex structure where numerous sensory, structural and alimentary structures
are concentrated and integrated, and its ontogeny requires precise and delicate interactions among
genes, cells, and tissues. Thus, it is perhaps unsurprising that craniofacial abnormalities are among the
most common birth defects in people, or that these defects have a complex genetic basis involving in-
teractions among multiple loci. Developmental processes that depend on such epistatic interactions
become exponentially more difﬁcult to study in diploid organisms as the number of genes involved
increases. Here, we present hybrid haploid males of the wasp species pair Nasonia vitripennis and Nasonia
giraulti, which have distinct male head morphologies, as a genetic model of craniofacial development
that possesses the genetic advantages of haploidy, along with many powerful genomic tools. Viable,
fertile hybrids can be made between the species, and quantitative trail loci related to shape differences
have been identiﬁed. In addition, a subset of hybrid males show head abnormalities, including clefting at
the midline and asymmetries. Crucially, epistatic interactions among multiple loci underlie several de-
velopmental differences and defects observed in the F2 hybrid males. Furthermore, we demonstrate an
introgression of a chromosomal region from N. giraulti into N. vitripennis that shows an abnormality in
relative eye size, which maps to a region containing a major QTL for this trait. Therefore, the genetic
sources of head morphology can, in principle, be identiﬁed by positional cloning. Thus, Nasonia is well
positioned to be a uniquely powerful model invertebrate system with which to probe both development
and complex genetics of craniofacial patterning and defects.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The interpretation of the apparent correlation between form
and function in living beings was one of the intellectual ad-
vancements that led to formulation of Darwin's theory of evolu-
tion, and the concept of homology (Appel, 1987). The problems of
how and why forms change in evolution is still timely, and is one
of the pillars of the young but maturing ﬁeld evolutionary devel-
opmental biology (Moczek et al., 2015). In regard to evolution,
speciﬁc forms that are more apt to perform particular functions
should be favored, and increase in frequency over time. TheInc. This is an open access article u
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volution and Environmental
de de Lisboa, Portugal.developmental basis of changes in form within natural popula-
tions are still relatively poorly understood despite the in depth
knowledge of developmental mechanisms in few model species.
Questions that have not been adequately answered include: How
are shape and size regulated at the cellular level during develop-
ment, and how are these features encoded in the genome? How is
symmetry maintained between independently developing halves
of bilateral structures, and how is the fusion of multiple tissues
into a functioning organ accomplished?
A key innovation in biological formwas the cephalization of the
early ancestors of the Bilateria. The head is the major structure
through which bilateral animals perceive and interact with their
environments, and is thus a crucible for interactions between
form, function, evolution and development. The concentration of a
large number of sensory organs of different types and embry-
ological origins in a relatively small space poses signiﬁcant de-
velopmental challenges, requiring exquisite communication across
a complex set of structures, each of which is crucial for the survivalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Consistent with the complexity of head development and rapid
evolution of head size and shape in Homo sapiens, cranial
anomalies are some of the most common birth defects occurring
in humans (Stanier and Moore, 2004). A major class of craniofacial
defects is oral clefts primarily occurring in the lip and/or palate
(CL/P), which occurs in up to 1:300 live births (Wyszynski et al.,
1996) and is known to have a complex genetic inheritance pattern
involving interactions among several loci (Carter et al., 1982;
McKusick, 1994; Prescott et al., 2001; Shields et al., 1981; Wilkie
and Morriss-Kay, 2001).
The advent of advanced sequencing techniques has led to the
application of large scale approaches, such as genome wide asso-
ciation studies (GWAS) to human craniofacial development
((Dixon et al., 2011; Twigg and Wilkie, 2015). These studies have
identiﬁed very strong candidate protein coding genes (Leslie et al.,
2015; Wolf et al., 2015) and even regulatory regions (Attanasio
et al., 2013; Fakhouri et al., 2014) affecting craniofacial develop-
ment. However, given the large number of genes and epistatic
interactions that appear to underlie craniofacial development and
disease, the handful of genes with demonstrated roles in humans
are likely a tip of a very large iceberg (Hallgrimsson et al., 2014).
Insects can be valuable models systems when attempting to
understand complex developmental processes such as craniofacial
development. Given that cephalization is a synapomorphy of the
Bilateria, a common evolutionary origin unites the vertebrate and
invertebrate head, and indeed many of the molecules involved in
head patterning and morphogenesis (e.g., Otx/otd genes, BMP,
WNT, hedgehog signaling) are highly conserved between verte-
brate models (Greene and Pisano, 2010; Hide et al., 2002; Zhang
et al., 2002) and Drosophila (Royet and Finkelstein, 1997; Shyamala
and Bhat, 2002; Stultz et al., 2006; Won et al., 2015). Insects have
the added advantage of being easier to maintain as well as having
faster generation times than vertebrate model systems, and
therefore can be used to reveal candidate genes involved in cra-
niofacial abnormalities and development.
A major contribution to the genetic complexity of craniofacial
defects is epistasis-the phenotypic effect of non-additive interac-
tions among alleles at different loci (Lidral and Moreno, 2005).
Epistasis has been shown to play an important role in the de-
generative craniofacial development of caveﬁsh (Gross et al.,
2014), and skull shape trait complexes in crosses between mouse
strains (Wolf et al., 2005).
Epistatic interactions among alleles can be difﬁcult to study due
to the complexity of the genetics involved. For example, as the
number of interacting genes increases, there is an exponentially
increasing rarity of progeny homozygous for all of the required
alleles. To illustrate, in crosses between two strains differing in a
target phenotype in a typical diploid organism, the proportion of
F2 offspring (i.e. F1 F1 parents) revealing a recessive epistatic
interaction between two autosomal loci is 1/16, for 3 loci is 1/64,
and for 4 loci is 1/256. Backcrossing F1 progeny to either parental
strain will not reveal such epistatic interactions among the pro-
geny. The problem is even greater when screening for recessive
epistatic interactions within populations (e.g., GWAS), as such
approaches are dependent upon allele frequencies among the in-
teracting loci.
In contrast, recessive epistatic interactions are much more
readily revealed in organisms with haploid adults, such as the
hymenoptera (ants, bees and wasps). These organisms have hap-
lodiploid sex determination, where haploid males develop from
unfertilized eggs, and diploid females derive from fertilized eggs.
Thus, hymenopteran F2 haploid males will reveal recessive epi-
static interactions among 2, 3, and 4 loci at frequencies of 1/4, 1/8,
and 1/16 respectively (compare to the respective values of 1/16, 1/
64, and 1/256 in diploids). Thus, the statistical power of detectingepistatic interactions is greatly enhanced in such organisms,
should they be laboratory tractable.
The parasitoid wasp genus Nasonia is emerging as a powerful
genetic model system, particularly for complex traits, and devel-
opmental and evolutionary genetics (Beukeboom and Desplan,
2003; Lynch, 2015; Werren and Loehlin, 2009). These insects have
a short generation time (two weeks), large family sizes, are ea-
sily reared in the laboratory, can be kept under refrigeration for
long periods (allowing storage of many strains). They have ex-
tensive genomic and transcriptome resources (Werren and Loeh-
lin, 2009; Werren et al., 2010), and genetic tools such as systemic
RNA interference (Lynch and Desplan, 2006) and visible and mo-
lecular markers to facilitate mapping and cloning of phenotypic
traits (Desjardins et al., 2013; Niehuis et al., 2013). A major ad-
vantage of Nasonia is the ability to perform crosses among closely
related interfertile species (Breeuwer and Werren, 1995). This
feature permits the mapping and positional cloning of quantitative
trait loci (QTL) involved in species differences in development and
morphology (Loehlin et al., 2010a; Loehlin and Werren, 2012).
Males of Nasonia species differ in cranial shape, with the largest
differences being between Nasonia giraulti and N. vitripennis
((Darling and Werren, 1990), Fig. 1). These two species are sepa-
rated by approximately 1 million years of independent evolution,
and are diverged by 2 to 3% at the nucleotide level (Werren et al.,
2010). In this manuscript, we describe a range of head shapes as
well as cranial abnormalities, including abnormal cranial midline
furrowing, dorsal–ventral asymmetries, and lateral asymmetries
that occur in F2 interspecies hybrid males. Analysis of gene in-
teractions involved in cranial development and cranial abnorm-
alities in hybrid males is greatly facilitated by the ability to more
easily detect epistatic interactions in haploids, because at any locus
the male is hemizygous for genes from one or the other species,
thus removing complications caused by dominance interactions
between alleles. This major advantage is enhanced by the powerful
genetic toolbox available in Nasonia (Lynch, 2015; Werren and
Loehlin, 2009).
Since F2 males show considerable variation in head shape, we
are able to map major quantitative trait loci (QTL) and epistatic
interactions in cranial development. These QTL can be further in-
vestigated by introgressing genetic regions containing cranial QTL
from one species into the genetic background of the other.
Here we describe the potential of the Nasonia system for ge-
netic and molecular analyses of craniofacial development, taking
advantage of differences in male head shape between closely re-
lated species. We describe the basic system, results of a QTL ana-
lysis for head shape revealing major QTL and epistatic interactions,
cranial abnormality syndromes in hybrids, the introgression of a
head shape locus from N. giraulti into N. vitrpennis, and future
directions using the tools available in Nasonia to reveal gene in-
teractions involved in cranial development.2. Materials and methods
2.1. Genetic crosses for Quantitative Trait Locus (QTL) analysis
Crossing methods to generate F2 haploid hybrid males for
quantitative trait analysis are described in detail in (Gadau et al.,
1999, 2002). The same F2 mapping population used in those studies
for analysis of hybrid incompatibility loci and wing morphology QTL
are used here for mapping of QTL for head morphology. Basically, a
cross was initiated between two Wolbachia free (Werren, 1997) and
highly inbred strains of N. vitripennis (AsymCx) and N. giraulti
(R16A). The N. giraulti strain R16A is derived from an introgression
of N. giraulti nuclear genome in a N. vitripennis cytoplasm to avoid
nuclear-mitochondrial incompatibilities (Breeuwer and Werren,
Fig. 1. Head shape differences between males of the parental species. N. vitripennis (left) and N. giraulti (right) and, with head measurements shown on an N. giraulti image
(below), (HL) Length from top of head to bottom of head, (AOL) Length from top of head to center of antennal sockets, (OIO) Interocular distance through ocelli, (MHW)
Maximumwidth of the head, (AIO) Interoccular distance through center of antennal sockets, (MIO) Interocular distance at maximimum head width, (FE) Line fromwhere eye
begins to center of mandible, (FEP) Farthest point of cheek perpendicular to line FE.
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species cross. These were provided with ﬂy hosts for parasitization,
and by setting the females as virgins, they produce all male pro-
geny. Because males are haploid, this facilitates the detection of QTL
for morphology and epistatic interactions among QTL. These fe-
males produced 178 males that were used for the mapping and QTL
analysis as described in (Gadau et al., 1999, 2002).
2.2. Segmental Introgression Lines (SILs)
As a consequence of other studies, SILs have been generated
that contain chromosomal regions of N. giraulti in an N. vitripennis
genetic background. Many of these have been characterized using
the genotyping microarray (Desjardins et al. 2013) or sets of PCR
based molecular ampliﬁcations to conﬁrm the regions in-
trogressed and absence of other N. giraulti regions from other
chromosomes in the lines.
One introgression line involving the proximal region of chro-
mosome 2 has been examined for an associated QTL for head
shape. The line (INT_2C7#49-19) was produced as follows: An
initial cross of N. vitripennis females to N. giraulti males generated
F1 hybrid females, who were then backcrossed to vitripennismales
to produce F2 females. The N. giraulti proximal region on Chr2 was
then introgressed into a N. vitripennis background for eight gen-
erations while selecting for females heterozygous for two mole-
cular markers, s3 and s13, which ﬂank the centromeric region.
Primers were designed to amplify two regions that are poly-
morphic for an indel between the two species; the markers s3 and
s13 are approximately 10 cM apart on the molecular linkage map
in cluster 2.035 and 2.048 respectively (Desjardins et al., 2013).
Individual females were ﬁrst mated and allowed to parasitize
hosts, and then DNA was extracted and genotyped using poly-
merase chain reaction and agarose gel electrophoresis; hetero-
zygous females were selected for the next generation.
The homozygous INT_2C7##49-19 line was then created from
single male recombinant between the two ﬂanking markers as
follows: One hundred F11 males were mated singly to AsymCxvirgins, then genotyped for the 2 ﬂanking indels to identify re-
combinants. Six of the hundred were recombinant in the region of
interest. A recombinant male was then mated to N. vitripennis
(AsymCx) females. A subset of the resulting female progeny was
provided hosts as virgins, and resulting males were mated to
heterozygous females from the previous generation (their
“aunts”). Individuals were genotyped with the molecular marker
to establish a line homozygous for marker s3 (INT_2C7##49-19).
2.3. Measurements
To control for orientation, heads were positioned on a micro-
scope slide with double-sided tape such that the dorsal ocellar
ridge and the ventral clypeus were visible and in the same focal
plane. Photographs were then taken using a Zeis M5A microscope
with 50 magniﬁcation with phototube attachment and shot
using Kodak Ektachrome 160T Tungsten balanced slide ﬁlm. A
slide micrometer was photographed under the same conditions to
use for millimeter calibration of measurements. Slides were then
scanned using ScanMaker 35T plus and the ScanWizard program
(Microtek). TIFF ﬁles of heads (a calibration micrometer photos)
were then measured using Adobe Photoshop, and then calibrated
using measurements from the micrometer photographs. The spe-
ciﬁc measurements made are shown in Fig. 1. The initial mea-
surements were made in 1998.
A second batch of parental heads were measured in 2015, be-
cause the full set of head dimensions taken for hybrid heads had
not been made for parentals in the original study. For these second
parental measurement series, wasps are ﬁrst ﬁxed in 5% for-
maldehyde for at least 4 h, soaked in 30% H2O2 for 8–10 days,
stained with Congo Red dye and imaged on an Andor Revolution
WD spinning disc confocal system. Images were captured via
Andor iQ3 software and samples were illuminated with 561 nm
and 405 nm diode laser. Z-stacks were acquired using a 10 ob-
jective at 3.58 μm increments, and were processed, colorized and
measured in Imaris7.1.1.
A subset of measurements were compared between the
Table 1
Relevant measurements of the male heads of the parental species N. vitripennis and
N. giraulti, and hybrid F2 males.
Measurement N. vitripennis N. giraulti Hybrids
Mean SD Mean SD Mean SD
*MHW/HL 1.419 0.060 1.384 0.052 1.418 0.055
*MEYE/HL 0.450 0.080 0.498 0.034 0.540 0.047
*OIO/HL 0.853 0.037 0.827 0.032 0.821 0.082
AOL/HL 0.673 0.024 0.654 0.047 0.690 0.062
***OIO/AIO 0.893 0.035 0.933 0.027 0.912 0.09
***OIO/MIO 0.882 0.024 0.932 0.021 0.936 0.08
***FEP/FE 0.137 0.013 0.228 0.024 0.176 0.027
MHW¼Maximum head width, HL¼head length, MEYE¼Eye width at maximum
head width (¼MHW-MIO, see Fig. 1), OIO¼ Interocular distance through ocelli,
AIO¼ Interocular distance through center of antennal sockets, AOL¼Length from
top of head to center of antennal sockets MIO¼ Interocular distance at maximum
head width, FE¼Line from where eye begins to center of mandible, FEP¼Farthest
point of cheek perpendicular to line FE. Statistical comparisons were made only
between the parental species. Triple asterisks represent measurements differing
signiﬁcantly between the two species at po0.001, double asterisk represents
po0.01 and single asterisks represent po0.05. 16 individuals from each parental
species were measured.
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MHW/HL values overlapped between the two species in the sec-
ond analysis. Data in Table 1 uses this second set of measurements,
and the ﬁrst set of measurements are presented in Table S1 for
comparison. Signiﬁcance of the difference between the species
was tested by using one tailed t-tests in Microsoft excel. Pearson
product moment correlations on head phenotypes were per-
formed using the function available at http://www.r-project.org/
(Team, 2014).
2.4. Genotyping and linkage analysis
The methods for RAPD genotyping and linkage map generation
for the QTL analysis are the same as in (Gadau et al., 1999, 2002),
and uses the same F2 hybrid mapping population as in those
studies. The linkage map was based on the segregation of 91 RAPD
markers (Randomly Ampliﬁed Polymorphic DNA) in 178 haploid
males derived from 15 F1 females. Linkage group designations
from Gadau et al. (Gadau et al., 1999, 2002) are changed to cor-
respond to the ﬁve chromosomes of Nasonia used in current
genome wide linkage maps (Desjardins et al., 2013), and additional
molecular and visible markers have been placed onto the map as
described below.
Additional crosses were conducted to place a set of visible and
molecular markers onto the linkage map (see Figs. 3 and 4). For
insulin pathway genes, degenerate primers were used to amplify
ﬁve genes (InR, PI3K, Pten, S6K, and mTor) which were then se-
quenced in N. vitripennis and N. girualti (V and G, respectively), and
allele restriction site polymorphisms were identiﬁed (or species
speciﬁc primers designed). The genes were then mapped onto the
Nasonia marker map using 50 F2 hybrid males from the mapping
population. Three visible mutants from N. vitripennis (eye color
mutants red833 (R-locus), or123, rdh5) were placed onto the RAPD
map as described in (Gadau et al., 1999). In addition, two major
wing size QTL (ws1 and ws2) were placed on the linkage map
(Gadau et al., 2002 ) and their locations have subsequently been
conﬁrmed by ﬁner scale segmental introgression studies (Loehlin
et al., 2010d; Loehlin and Werren, 2012). Together, these markers
allowed us to anchor and orient the RAPD linkage map to the
current genome-wide molecular map for Nasonia. Linkage group
designations (Gadau et al., 1999, 2002) are changed to correspond
to the ﬁve chromosomes of Nasonia used in current genome wide
linkage maps (Desjardins et al., 2013).2.5. QTL analysis
Having haploids as a mapping population for QTL analysis has
multiple advantages; (1) The effect of an allele is directly mea-
surable because there are no dominance interactions among al-
leles of the same locus. (2) Epistatic interactions between nuclear
loci are easier to analyze because for any two-loci interactions only
four genotypes are possible. (3) Linkage phase can be determined
in each individual even if dominant markers like RAPDs (Ran-
domly Ampliﬁed Polymorphic DNA) are used.
MapQTL 4.0 (van Ooijen et al., 2000) was used to identify QTL
for all traits. First a standard interval mapping was done to identify
the major QTL. Then mqm mapping (multiple-QTL-model), im-
plemented in MapQTL, was used to ﬁt more than one QTL at a
time. The mqm-mapping procedure uses markers closest to the
QTL as cofactors to take over the role of the QTL. The genome wide
LOD threshold for a signiﬁcant QTL at the 5% and 1% false positive
rate was determined for each trait individually using a standard
permutation test for interval mapping (Churchill and Doerge,
1994) implemented in MapQTL 4.0.
EPISTAT (Chase et al., 1997) was used to reveal conditional QTL,
i.e. QTL which only have a signiﬁcant effect on the trait if a particular
allele at a second unlinked locus is present. First an automated
search option was used to ﬁnd all conditional QTL for all traits ex-
ceeding a predetermined threshold (the default settings of the
program were used, i.e. 5.0 LLR (Log Likelihood Ratio) for the null
threshold and 6.0 LLR for the additive threshold, minimal group size
10, see Epistat Tutorial). Then we discarded all interactions between
markers on the same linkage group, considering only possible epi-
static interactions between linkage groups. The initial p-value was
chosen for particular LLR based on values provided in the EPISTAT
Users Manual. These were then corrected for multiple comparisons
using the formula p-corrected¼p/(1(1p)90) under the assump-
tion of 100 independent comparisons (Chase et al., 1997; Lark et al.,
1995). Individual markers on the map are not independent com-
parisons due to linkage. The choice of 90 independent comparisons
was made by considering 3 regions per chromosome (two distal and
1 proximal) for the 5 linkage groups and comparisons only between
chromosomes for epistatic interactions.
Statistical comparisons using Fisher Exact Test (FET) or Chi
Square were performed at the web portal http://www.socscista
tistics.com/tests/ﬁsher/Default2.aspx.3. Results
3.1. Species differences in head shape
Females of the two species (N. giraulti and N. vitripennis) are
virtually indistinguishable in terms of head shape and other
morphological features (Darling and Werren, 1990). In contrast,
males differ in several features of head shape, but are fairly con-
sistent within species (see Fig. 1, Table 1, (Darling and Werren,
1990)). Landmarks on the Nasonia head include the two antennal
sockets (antennae removed in the heads shown), clypeus in front
of the antennal sockets and before the mouthparts (not visible),
two compound eyes on either side of the head, and three simple
eyes (ocelli) on the back of the head. A depression occurs behind
the antennal sockets, into which the antennae can be partially
withdrawn. We refer to this as the antennal cup, which is vaguely
heart shaped in normal heads of both species. Antennae were
removed in the ﬁgures to provide easier visualization of head
shape.
To investigate the genetics of head shape, we evaluated par-
ental and F2 hybrid males for various head shape parameters
(Fig. 1). These include three measures of relative head shape along
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the maximum (which falls between the antennae and ocelli) to
head length (MHW/HL), (b) length of the two eyes at the max-
imum head width relative to head length (MEYE/HL), which
measures the contribution of the eyes to the ratio of head width to
head length, and (c) interocular distance at the ocellus relative to
head length (OIO/HL). A second ratio investigates relative head
shape along the dorsal ventral midline by comparing the length of
a line from the antennal midline to the ocellus relative the head
length along the same line (AOL/HL). Heads with relatively larger
regions between the antennae and clypeus will show smaller ra-
tios for AOL/HL. The relative change in width from dorsal to ventral
portions of the head is captured by (d) OIO/AIO (interocular at the
antennal sockets relative to interocular at the ocellus) and (e) OIO/
MIO (interocular at the ocellus relative to interocular at the
maximum head width line). The smaller the OIO/AIO, the more a
head increased relative width between the eyes along the dorsal–
ventral axis.
The most notable differences between male heads of N. giraulti
and N. vitripennis are in size of the lateral cheek (FEP/FE) and as-
pects of the head width/length ratio. N. giraulti has signiﬁcantly
larger lateral cheeks than do N. vitripennis, and distributions in this
feature (normalized to head size) are non-overlapping between
males of the two species (Fig. 1, Table 1). In terms of overall head
shape, N. vitripennis heads are more rectangular (or ovoid)
whereas N. giraulti heads are more square (Fig. 1, Table 1). The
maximum head width to head length (MHW/HL) ratios are sig-
niﬁcantly different (at the po0.05 level). Interestingly, compo-
nents of this ratio (Eye width at maximum head width to head
length (MEYE/HL) and interocular distance at ocelli to head length
(OIO/HL) were both highly signiﬁcantly different between the
species, indicating that both the eye ﬁeld and medial head capsule
ﬁeld differ independently in size between the two species.
The differences in cranial morphology between males of the
two species almost certainly reﬂect the action of sexual selection,
although it is currently unclear what aspects of mate competition
or mate choice have selected for these morphological differences.
Nevertheless, they provide a useful tool for studying the genetics
of cranial morphology.
3.2. F2 hybrid male head shape
A comparison between measurements of males from both
parental species and F2 hybrid males showed that some values of
the F2 males were intermediate between the two parental phe-
notypes for head shape measurements (e.g. AOL/HL, FEP/FE, Ta-
ble 1). For other ratios, the F2 mean is much closer to that of one of
the parentals (e.g. MHW/HL, OIO/MIO), and some mean hybrid
head shape ratios are actually larger or smaller than that of either
parental species (e.g MEYE/HL, OIO/AIO). These patterns can re-
ﬂect epistatic interactions, transgressive phenotypes, and linkage
of cranial loci to hybrid incompatibility loci (Gadau et al., 1999;
Werren et al., 2010), which results in biased recovery of certain
markers among adults. It is important to note that hybrid females
have normal heads that are indistinguishable from either of the
parental species, and that male head shape characteristics are
fairly consistent within species.
Correlations among traits in F2 are shown in Table 2. As ex-
pected, many shape values that have at least one measurement in
common (i.e., (MHW/HL vs. OIO/HL, or OIO/MIO vs. OIO/AIO) are
correlated in both parental species and in hybrids. More interest-
ingly, there are weak to moderate correlations between cheek size
and other head shape values in N. vitripennis, while cheek size
seems to be regulated independently from other shape parameters
in N. giraulti (Table 2). Strikingly, correlation between cheek size
and shape values involving HL in F2 hybrid males are quite strong(more so than in even N. vitripennis). In contrast, values involving
OIO are more weakly correlated with cheek size in the hybrids
compared to N. vitripennis. The developmental and genetic basis of
these correlated traits will be an interesting topic for future
research.
3.3. F2 hybrid male head developmental defects
Wild-type male heads within the two species show consistent
head shape parameters and visible developmental defects and
asymmetries are extremely rare. Similarly, hybrid females have
normal heads that are indistinguishable from either of the par-
ental species and again lack obvious defects in the vast majority of
cases. However, a signiﬁcant proportion of F2 hybrid males (ap-
proximately 25 percent) show various cranial abnormalities. Gene
interactions causing these abnormalities are apparently recessive,
since they are expressed in haploid F2 males but are not visible in
F1 hybrid females or F2 hybrid females produced by backcrossing
to either parental strain. This feature provides an advantage for
genetic analysis because genetic regions involved in the pheno-
types can be introgressed into a control genetic background
through females, and then gene interaction can be revealed by
setting females as virgins and examining their haploid re-
combinant sons (since virgin females produce haploid eggs that
develop into males in this species).
Common abnormalities include cranial midline furrowing
(clefting, Fig. 2C), lateral asymmetry (LA, Fig. 2D) and dorsal-ventral
asymmetry (DVA, Fig. 2E). Other abnormalities include an abnormal
“cranial pit” behind the antennal sockets (CP, Fig. 2F) and a “swollen
head” syndrome (SH, Fig. 2I). Morphometric and QTL analyses have
been performed to characterize the phenotypes and reveal the ge-
netic architecture of the DVA, LA, and clefting phenotypes.4. Morphometric and QTL analysis of F2 hybrid male head
shape differences and defects
QTL analysis was performed to gain an understanding of the
genetic architecture of the head shape differences of the two
species and abnormalities found in the F2 hybrid males. In addi-
tion to the identiﬁcation of QTL of large effect (Table 3), QTL un-
derlying epistatic interactions were also identiﬁed (Table 4). The
epistatic interaction revealed additional QTL in ﬁve of the eight
head phenotypes examined (those 7 listed in Table 1, plus cleft-
ing), which include 26 newly found QTL not revealed in the major
QTL analysis. These interactions can be typed based on whether
they occur between two major QTL (mQTL-mQTL), between a
major QTL and second conditional locus that only shows sig-
niﬁcant effects on the phenotype in interaction with the major
locus (mQTL-cQTL), or between two loci that are not detected to
affect the phenotype additively, but do show an effect in interac-
tion (epiQTL-epiQTL).
In general, the results indicate a rich web of interacting loci
affecting head morphology differences between the species.
Linkage maps that indicate location of the major and epistatic QTL
for each trait are shown in Fig. 3 A–D for head measurements
normalized to head length (MHW/HL, AOL/HL, OIO/HL, and MEYE/
HL), whereas Fig. 4A–D maps QTL for dorsal ventral symmetry
measurements (OIO/MIO and OIO/AIO) and cheek and clefting
QTL. In the following descriptions the terms G and V indicate an N.
giraulti or an N. vitripennis allele, respectively, at a given locus.
4.1. Head width to length ratios
The basic head width to head length measurement (MHW/HL)
revealed a single major QTL in the proximal region of Chr4
Table 2
Signiﬁcant correlation between phenotypes. Pearson's product moment correlations between phenotypes (above diagonal) and signiﬁcant values (below diagonal) are
shown for the 7 phenotypes for (a) N. giraulti, (b) N. vitripennis, and (c) F2 hybrids (þpo0.10, npo0.05, nnpo0.02, nnnpo0.005).
Measurement FEP/FE MEYE/HL N. giraulti AOL/HL OIO/AIO OIO/MIO
OIO/HL MHW/HL
FEP/FE 0.167 0.3 0.363 0.251 0.011 0.079
MEYE/HL 0.535 0.620nn 0.843nnn 0.004 0.084 0.480þ
OIO/HL 0.259 0.01 0.839nnn 0.444þ 0.597nn 0.550n
MHW/HL 0.167 0 0 0.167 0.138 0.255
AOL/HL 0.348 0.99 0.085 0.536 0.396 0.328
OIO/AIO 0.968 0.757 0.015 0.61 0.129 0.708nnn
OIO/MIO 0.77 0.06 0.027 0.341 0.215 0.002
N. vitripennis
Measurement FEP/FE MEYE/HL OIO/HL MHW/HL AOL/HL OIO/AIO OIO/MIO
FEP/FE 0.472þ 0.566n 0.493þ 0.037 0.641nnn 0.556n
MEYE/HL 0.065 0.813nnn 0.945nnn 0.052 0.649nn 0.476þ
OIO/HL 0.022 0 0.696nnn 0.082 0.754nnn 0.732nnn
MHW/HL 0.052 0 0.003 0.004 0.705nnn 0.561n
AOL/HL 0.892 0.848 0.763 0.987 0.091 0.078
OIO/AIO 0.007 0.006 0.001 0.002 0.738 0.853nnn
OIO/MIO 0.025 0.062 0.001 0.024 0.774 0
F2 Hybrids
Measurement FEP/FE MEYE/HL OIO/HL MHW/HL AOL/HL OIO/AIO OIO/MIO
FEP/FE 0.025 0.305nnn 0.244nnn 0.187nn 0.150þ 0.131þ
MEYE/HL 0.782 0.344nnn 0.448nnn 0.151n 0.171n 0.043
OIO/HL 0 0 0.438nnn 0.065 0.464nnn 0.610nnn
MHW/HL 0.001 0 0 0.004 0.085 0.108
AOL/HL 0.018 0.048 0.419 0.935 0.126þ 0.056
OIO/AIO 0.061 0.025 0 0.262 0.097 0.632nnn
OIO/MIO 0.082 0.59 0 0.17 0.451 0
J.H. Werren et al. / Developmental Biology 415 (2016) 391–405396(Fig. 3A). As expected, the G allele is associated with a smaller
ratio. This QTL accounts for accounts for 14% of F2 male phe-
notypic variance, and the mean difference between the N. giraulti
and N. vitripennis alleles accounts for a signiﬁcant portion of the
species difference (36%¼(1.431.39)/(1.48–1.37), Table 1). The
same general regionwhere a major QTL for male-speciﬁc wing size
was found and identiﬁed as involving cis-regulatory region around
doublesex, a conserved sex determining gene (Loehlin et al.,
2010a). However, that speciﬁc locus has not been shown to be
involved in head shape.
In addition, an epistatic interaction occurs between marker
regions on Chr3 and the distal end of Chr4 (Fig. 3A, Table 4). The
presence of G alleles at these two loci induces a smaller mean
MHW/HL ratio that is virtually the same as the N. giraulti parental
phenotype (1.37), whereas the other 3 genotypes are more similar
to N. vitripennis (1.43, 1.45, 1.42 versus 1.47). Hence, in combination
these three loci may account for the majority of the head ratio
difference between males of these two species. Testing this pro-
position will involve genetic isolation of the respective QTL in
reciprocal controlled genetic backgrounds (N. vitripennis and N.
giraulti).
Antennal ocular height to head length ratio (AOL/HL) measures
the relative contribution of the head length above the antennal
sockets to full head length. Here we ﬁnd a single major QTL
(Fig. 3B), one on Chr1which accounts for 12% of phenotypic
variance and a web of three pairwise interactions between Chr2, 3,
4, and 5. The proximity of markers involved on Chr2 and Chr4
(Fig. 3B) suggest a complex interaction among four QTL. Such
complex epistasis can make identiﬁcation of genes involved in
morphological differences between species challenging. But given
that regions involved have been found, we can now reduce the
complexity by selecting on interactions pairs in a controlled ge-
netic background, which will reduce the complexity for positional
cloning.
OIO/HL measures the interocular distance at the central ocellus
relative to head length. In contrast to the previous phenotype, this
analysis detected 4 major QTL (Chr2,3,4, and 5), but no epistaticinteractions (Fig. 3C, Table 3). In combination, these regions ac-
count for 37.7 percent of the phenotypic variation among F2 males.
For three of the mQTL, the G allele yields larger ratios, whereas the
G allele for the region on Chr3 actually gives a smaller OIO/HL. Two
regions are shared with the previous width to length measure
(MHW/HL). These involve the mQTL on Chr4, as well as the epiQTL
for MHW/HL on Chr3 which maps in the same vicinity at the OIO/
HL major QTL. The GG genotype associated with this epiQTL in-
duces a smaller MHW/HL ratio, as does the major QTL for the OIO/
HL. Thus, these could reﬂect a single locus inducing similar effects,
in one case epistatically and the other as a major additive effect.
MEYE/HL measures the contribution of eye width relative to
head length. Four major QTL were found on Chromosomes 2, 3, 4,
and 5, and in each case the G allele induces a smaller MEYE ratio.
Two regions are shared with OIO/HL, involving the mQTL on Chr2
and Chr4 (Fig. 3D, Table 3). The fact that three other mQTL are not
shared between them suggests that eye width and interocular
width at the ocellar region are under different genetic control
mechanisms. We should note that the same proximal region on
Chr4 is involved in MHW/HL, MEYE/HL, and OIO/HL (Fig. 3A–C). In
these cases the G allele results in a smaller ratio for the ﬁrst two
phenotypes and a larger for the last. Genetic dissection of this
region could reveal whether they share a similar genetic under-
pinning. To this end, we have already identiﬁed a segmental in-
trogression line (SIL) that captures some head shape differences
(see detailed description below). This line will be a starting point
for positional cloning approaches that have already been suc-
cessful in Nasonia (Loehlin and Werren, 2012; Lynch, 2015).
4.2. Dorsal–ventral comparisons
Two Dorsal–ventral measurements were analyzed, OIO/MIO
(which measures InterOcular distance at the Ocelli relative to the
Maximum InterOcular) and OIO/AIO, which measures the same
dorsal region relative to InterOcular width at the Antennal sock-
ets). Although they are similar phenotypes, the genetic archi-
tecture for these two traits appears to be quite different (Fig. 4A-
Fig. 2. Hybrid Head Abnormalities. (A) Parental female N. vitripennis, (B) parental male N. giraulti, (C–I) Assortment of various F2 hybrid phenotypes. (C–C′′′) Midline furrow
phenotype in increasing severity, (D–D′′′) laterally asymmetric phenotype in increasing severity, (E–E′′′) dorsal–ventral asymmetric phenotypes. (F–I) Other hybrid phe-
notypes, (F) note severe medial indentation and eye shape, (G) note ocelli placement, (H) note antennal placement, (I) “swollen head” syndrome.
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Fig. 4A, Table 3), whereas the analysis of OIO/AIO detected a single
mQTL on Chr3 (mapping very close to the OIO/MIO mQTL on that
chromosome, Fig. 4B, Table 3), and a complex set of epistatic in-
teractions involving 7-8 loci on four different chromosomes
(Fig. 4B, Table 4). Complex four-way interactions are implied for a
marker region on Chr1 with the proximal region on Chr4, Chr3 and
a distal region on Chr4. By genetic isolation of components ofthese interactions, the relationships can be deﬁned more precisely.
The dramatically different genetic architecture for these two
phenotypes is consistent with complexity of head development.
It is noteworthy that the proximal region around chr4 contains
a large number of mQTL and epiQTL affecting head shape (Cheek,
AIO/HL, OIO/MIO, MEYE/HL), warranting further genetic dissection
of this region.
Table 3
Signiﬁcant major QTL using MapQTL. Shown are the marker, chromosome and LOD score, as well as percent variation explained by the QTL and mean values for the N. giraulti
(G) and N. vitripennis (V) alleles. Range and mean and standard deviation among F2 is presented under the phenotype name. The direction of difference is also shown. All
LOD scores shown are signiﬁcant at the po0.05 (*) or po0.01 (**) levels when corrected for multiple comparisons using a standard permutation test for interval mapping.
Trait mqm-mapping (marker (chr) – LOD % phenotypic variance explained Mean G allele Mean V allele Direction
MHW/HL 213-0.47 (4) – 5.20** 13.9 1.39 1.43 GoV
1.25–1.6; 1.4270.05
MEYE/HL P1-1.48 (2) – 5.38** 10.4 0.515 0.553 GoV
0.38–0.65; 213-0.47 (4) – 5.16** 10.0 0.519 0.549 GoV
0.5470.05 P1-0.76 (5) – 5.39** 13.3 0.551 0.517 G4V
OIO/HL 323-0.65 (2) – 7.47** 12.1 0.873 0.814 G4V
0.62–1.00; N15-0.89 (3) – 7.77** 12.5 0.820 0.867 GoV
0.8470.06 307-0.25 (4) – 3.92** 6.1 0.859 0.827 G4V
407-0.7 (5) – 4.07** 7.0 0.824 0.863 GoV
AOL/HL I30-1.11f (1) – 3.74** 11.9 0.672 0.713 GoV
0.55–0.87; 0.6970.06
OIO/AIO N16-0.89 (3) – 3.74** 9.8 0.901 0.971 GoV
0.73–1.32; 1.4270.07
OIO/MIO 28-1.41 (3) – 8.28** 15.3 0.934 0.975 GoV
0.77–1.08; 91-1.22f (4) – 8.88** 16.5 0.975 0.934 G4V
0.9670.05 297-1.2 (5) – 2.12* 4.7 0.944 0.966 GoV
Cheek (FEP/FE) 6-0.5 (1) – 3.96** 7.4 0.188 0.174 G4V
0.06–0.27; D16-0.86 (3) – 10.0** 20.8 0.193 0.167 G4V
0.1770.03 320-2.1f (4) – 2.50* 4.7 0.186 0.175 G4V
Cleft None
0–1; 33.7%
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Approximately 33% of F2 hybrids show abnormal midline fur-
rowing. Expression of the trait varies from a short furrow adjacent
to the central ocellus (simple eye) on the back of the head, to a
furrow running across the head that fuses with the antennal cup
(Fig. 2C). In normal crania, the ocelli “rest” above the surface of the
crania in association with an ocellar ridge (Fig. 2A–B).
The cleft phenotype was subjectively scored into twoTable 4
Epistatic Interactions. Pairwise interactions are shown for different phenotypes, categ
vitripennis. Also shown is the log likelihood ratio (LLR) if an epistatic model is compare
comparisons (þpo0.10, npo0.05, nnpo0.02, nnnpo0.005 – see Section 2). Mean val
values among all F2 males. Percent cleft for each genotype and all F2 is shown for this
Phenotype Type interaction QTL1 (chr) QTL2
MHW/HL epiQTL-epiQTL 83-026 (4) D16-0
1.25–1.6; 1.4270.05
MEYE/HL None
0.38–0.65; 0.5470.05
OIO/HL None
0.62–1.00; 0.8470.06
AOL/HL epiQTL-epiQTL P4-146 (3) 18-1.1
0.55–0.87; 0.6970.06
epiQTL-epiQTL 330-1.1 (4) 209-0
epiQTL-epiQTL 213-0.86 (4) 28-0.
OIO/AIO epiQTL-epiQTL D7-105 (4) O20-0
0.73–1.32; 1.4270.07
epiQTL-epiQTL P4-1.85 (4) O20-0
epiQTL-epiQTL N9-0.65 (4) 30-1.1
epiQTL-epiQTL I18-0.92 (3) 320-1
epiQTL-epiQTL 28-1.02 (4) 28-1.3
OIO/MIO none
0.77–1.08; 0.9670.05
Cheek(FEP/FE) cQTL-mQTL 213-0.86 (4) D16-0
0.06–0.27; 0.1770.03
cQTL-mQTL 213-0.86 (4) 209-0
mQTL-mQTL 209-0.98 (3) 30-1.2
epiQTL-epiQTL 356-0.5 (3) 209-0
epiQTL-epiQTL 76-1.1 (4) N16-0
Cleft epiQTL-epiQTL O20-0.95 (4) 34-0.
4105nnn 0.0 37.5 38.1
0–1; 33.7%
epiQTL-epiQTL W7-0.97 (2) 297-1categories, 0 (no clefting) or 1 (clefting ranging from moderate
clefting restricted to the ocellar region, to clefts spanning ventrally
to the antennal sockets, see Fig. 2C). No major QTL for clefting
were initially detected, which could reﬂect the fact that binary
traits violate the assumption of normality of the QTL program, or
that such abnormal development traits require epistatic interac-
tions for their effect. A search for epistasis reveals two very strong
pairwise interactions (Table 3, Fig. 4). Both interactions involve a
region on Chr5 with marker on either Chr4 or Chr2.orized by type of interaction (see text); G indicates N. giraulti and V indicates N.
d with an additive model (Chase et al. 1997) and the adjusted p-value for multiple
ues are presented for the 4 genotypes present, as well as the range, mean7SD of
phenotype.
(chr) LLR GG GV VG VV
86 (3) 7.1nn 1.37 1.43 1.45 1.42
2f (2) 8.9nnn 0.67 0.70 0.74 0.69
.68 (5) 6.2n 0.72 0.68 0.67 0.70
89 (2) 5.4þ 0.74 0.69 0.68 0.69
.59 (3) 11.7nnn 0.95 0.95 .089 0.97
.59 (3) 11.4nnn 0.94 0.95 0.88 0.97
1 (1) 7.0nn 0.95 0.93 0.90 0.95
85 (2) 9.9nnn 0.95 0.88 0.94 0.95
(2) 7.3nn 0.96 0.95 0.87 0.93
.92 (1) 9.3nnn 0.18 0.18 0.19 0.16
.98 (3) 7.7nn 0.19 0.18 0.19 0.16
3 (4) 7.2nn 0.19 0.19 0.18 0.16
.87 (4) 8.1nnn 0.18 0.19 0.18 0.15
.28 (2) 9.7nnn 0.16 0.19 0.18 0.17
98 (5)
32.1
.21 (5) 37.4nnn 9.1 27.3 53.3 25.0
Fig. 3. QTL mapping of cranial shape measurements normalized to head length (a) MHW/HL, (b) AOL/HL, (c) OIO/HL, and (d) MEYE/HL. Potential QTL are marked with black
boxes, potential interacting loci are indicated with double headed arrows.
J.H. Werren et al. / Developmental Biology 415 (2016) 391–405 399The individual effects of each locus on clefting percent are not
signiﬁcant (p¼0.85 for marker O20-0.95 (Chr4), p¼0.21 for 34-
0.98 (Chr5), p¼0.33 for marker 297-1.21, and p¼1.00 for marker
w7-0.97, FET). However, pairwise interactions reveal signiﬁcant
effects on clefting percent. Marker 34-0.98 (Chr5) reveals a very
strong epistatic interaction with marker O20-0.95 (distal on Chr4).
Individuals with GG genotype at these two markers show sig-
niﬁcantly reduced rates of clefting compared to the other three
genotypes (0% versus 34.3%, p¼0.017, FET). The second region of
Chr5 (297-1.2) interacts with Chr2 marker region w7-0.97. In this
case, VG individuals show elevated clefting compared to the other
genotypes. Although the marker regions are 34.5 cM apart on the
linkage map, it is possible that the two Chr5 regions represent the
same underlying locus.
Under the assumption of a single epiQTL on Chr5, we further
investigated the possibility of a three-way interaction between
this Chr5 epiQTL and the two epiQTL on Chr2 and Chr4. To do this
we used the marker (6-0.63) which falls between the two is pre-
viously described epiQTL on Chr5 (34-0.98 and 297-1.2). Like the
other clefting epiQTL, markers, 6-0.63 shows no effect on cleftingin isolation (p1.00 FET, Table S2). However, a strong interaction
among marker regions on clefting percent is revealed when region
6-0.63 is examined with the markers on Chr4 and Chr2 (Fig. 5,
Table S2). The presence of the G allele at marker 6-0.63 (Chr5)
strongly supresses clefting when at least one of the loci on Chr2 or
Chr4 also carries a G allele (0% clefting, Fig. 5, Table S2). In contrast,
when individuals are G at the locus but V at both of the Chr2 and
4 loci, clefting occurs at high rates (33% clefting, Fig. 5, Table S2),
indicative of strong non-additive effects. In contrast, if an in-
dividual is V at the Chr5 epiQTL, the genotypes at the other two
loci do not signiﬁcantly change the frequency of clefting (25–
39% clefting, Fig. 5). The pattern indicates a strong, but complex,
epistatic interaction of the Chr5 region with those on Chr2 and
Chr4, with the G allele on Chr5 modulating epistatic interactions of
the other two loci. Identifying the genes involved in this interac-
tion will be an interesting topic of future research, which could
provide insights into the complex genetic basis of abnormal cra-
niofacial development.
Among all of the cranial defects identiﬁed here, clefting is the
one that is most easily analogized to developmental abnormalities
Fig. 4. QTL mapping of cranial abnormalities and cheek size traits (a) OIO/MIO, (b) OIO/AIO, (c) Cleft, (d) Cheek (FEP/FE). Potential QTL are marked with black boxes, potential
interacting loci are indicated with double headed arrows.
J.H. Werren et al. / Developmental Biology 415 (2016) 391–405400common to humans. In addition to the similarity of the gross
phenotype, the complex pattern of inheritance of these defects is
similar to that found for cleft lip/palette in humans. Thus, identi-
fying the genes involved in clefting by positional cloning of these
epiQTL and evaluating their molecular interactions could have
medical relevance to craniofacial abnormalities in humans, and
could enhance our understanding of how developmental and
molecular processes can coordinate the growth of tissues of dis-
tinct developmental origin, to mediate their fusion and ensure
their integration into a functional, complex organ.
4.4. Cheek size comparisons
Cheek size (FEP/FE) shows a complex web of major QTL and
epistatic interactions (Fig. 4D, Tables 3 and 4). Three major QTL
regions are identiﬁed, on Chr1, Chr3 and Chr4. The major QTL on
Chr3 (marker D16–0.86) has a large additive effect, accounting
alone for 20.8% of the phenotype. In addition there is a weakermQTL on Chr4 (marker 320-2.1f, 4.7% of variance) which interacts
epistatically with marker 209-0.98 on Chr3. As this marker is only
8 cM from the large effect mQTL on Chr3, it is possible this re-
presents an epistatic interaction between this mQTL and the one
on Chr4. The same region on Chr3 (marker 209-0.89–D16-0.86)
interacts epistatically with 213-0.86 (Chr4), which in turn interacts
epistatically to marker D16-0.92 that occurs on Chr1 7.2 cM from
the major QTL on that chromosome. Therefore, the pattern sug-
gests direct and indirect interactions among the three major QTL,
mediated in part by a cQTL on Chr4 (213-0.86). Additional epistatic
interactions occur on Chr2, Chr3, and Chr4 (see Fig. 2C). All the
interactions described above are signiﬁcant even after correcting
for multiple comparisons.
Future research will focus on determining the interactions
more precisely and identifying the genes involved. Towards this
end, segmental introgressions lines (SILs) containing the major
and epistatic QTL from one species introgressed into the other can
be used for ﬁner scale mapping and positional cloning. Positional
Fig. 5. Three-way interaction on clefting probability. Strong epistatic interactions
are revealed between the epiQTL on Chr5 and two others on Chr 4 (blue) and Chr2
(red). An individual that has the vitripennis (V) allele on Chr5 shows relatively high
clefting percent and its genotype at the other two loci have only modest effects on
clefting percent. However when giraulti (G) at the Chr5 epiQTL, then clefting
probability is high only when V at both the other loci, and very low (zero percent)
otherwise. A signiﬁcantly higher clefting percent occurs when V at the other two
loci (FET p¼0.006), but this percent is not signiﬁcantly different (ns) to the com-
bined clefting when V at the Chr5 locus (p¼0.16). The result indicates that the Chr5
locus is a strong modiﬁer of non-additive interactions at the other loci.
J.H. Werren et al. / Developmental Biology 415 (2016) 391–405 401cloning of QTL has been previously demonstrated in N. vitripennis
(Loehlin et al., 2010d; Loehlin and Werren, 2012; Niehuis et al.,
2013), by using the advantages of male haploid genetics. Given the
large effect on the mQTL on Chr3, this will likely be a primary
target of analysis.
4.5. Lateral Asymmetry (LA)
It is apparent from visual observation that some F2 hybrid
males show extreme forms of lateral asymmetry not seen in par-
ental males (see Fig. 2D-E). Asymmetries are apparent in cheek
size, in interocular distance from the midline, and in eye shape.
We have only begun to characterize this feature. As an initial look
at eye asymmetry, we measured eye height (distance from the
inner to outer edge of the eye at the maximal head width line) for
the left eye (LEW) and right eye (REW). There are a number of
statistical methods for measuring lateral asymmetry (Klingenberg
et al., 2002; Palmer and Strobeck, 1986; Van Dongen, 2007). Three
measures of asymmetry were examined, difference (LEW-REW),
absolute value of the difference, and normalized mean difference
((LEWREW)/(LEWþREW)/2).
Approximately 15% of F2 hybrid males had normalized asym-
metry of greater than 20% in eye width and 5% of males had a
greater than 25% difference in eye width. The genetic and devel-
opmental basis of lateral asymmetry is a topic of wide interest
(Dongen, 2006; Klingenberg, 2010; Palmer and Strobeck, 1997). A
major debate concerns whether lateral asymmetry (either ﬂuctu-
ating asymmetry or antisymmetry) in hybrids is due to speciﬁc
genotypic interactions or to a general destabilization of develop-
ment in hybrids (Clarke, 1997; Moller and Thornhill, 1997; Palmer
and Strobeck, 1997). Genetic dissection of this trait could reveal
the extent to which these asymmetries are due to interactions
among speciﬁc loci or to decanalization of the trait in hybrids
through diffuse epistatic interactions and general disruption of
gene regulation in hybrids. It should be noted that no clear lateral
asymmetries have been observed in other body regions (e.g.,
wings, legs, abdomen), indicating that the asymmetries are likely
not due to some global disruption of developmental robustness.5. Isolation of a head shape locus using a Segmental In-
trogression Line (SIL)
Segmental introgressions are lines in which a chromosomal
region from one species in backcrossed into the genetic back-
ground of another. These have been used effectively for char-
acterization of phenotypic differences between Nasonia species
(Desjardins et al., 2010; Hoedjes et al., 2014), as well as positional
cloning of QTL involved in development (Loehlin et al., 2010d;
Loehlin and Werren, 2012). Here we describe head shape differ-
ences found in a SIL where the pericentric region of Chr2 from the
N. giraulti genome has been introgressed into a N. vitripennis
background. Mothers of the SIL shown here are homozygous for
the N. giraulti region, resulting in males that are hemizygously N.
giraulti at this locus. These males have signiﬁcantly wider heads
and eyes that appear to bulge out (Fig. 6B).
Male heads of this introgression are strongly statistically sig-
niﬁcantly different from wild-type N. vitripennis males in three
critical measurement ratios: MEYE/HL, OIO/HL, and AOL/HL, and
marginally signiﬁcantly larger in cheek size (Fig. 6). This indicates
that the SIL heads have much wider eyes, without signiﬁcantly
increasing overall head width. In fact, the interocular distance at
the ocelli as well as the ocellus to antenna midline length is sig-
niﬁcantly smaller than wild type (Fig. 6C), suggesting a trade-off
where a smaller head capsule accounts for larger eyes that keeps
overall head size consistent. A similar trade off between intero-
cular cuticle and eye size was seen between closely related Dro-
sophila species (Arif et al., 2013). Altogether, large eyes in combi-
nation with a decreased interocular region creates a “bulging eye”
appearance. The presence of larger cheeks in the introgression
indicates either a single gene affects head shape and cheek size in
the centromeric region, or that two or more genes affecting head
traits are tightly linked in this region.6. Discussion
In this manuscript we have introduced the species pair of N.
vitripennis and N. giraulti as a novel, and uniquely powerful model
for understanding the genetic and developmental basis of cra-
niofacial defects and morphological diversity. There are distinct,
non-overlapping aspects contributing to male head shape, both in
several measures of the ratio of head length to head width, and in
the size of the lateral cheeks. As demonstrated by the large
number of distinct QTL found to be associated with the different
aspects of head height/width ratio, differences in multiple genes
must underlie the expression of this species difference. Many of
the QTL identiﬁed for this trait are modiﬁed by epistatic interac-
tions. While a single major QTL explains a very large portion of the
“cheekiness” trait in N. giraulti, multiple genes acting within and
outside the context of epistasis contribute to this character. Fur-
ther genetic and molecular analysis of the head shape differences
will contribute to the growing number of studies examining the
evolutionary genetics of shape and form. In particular, our analyses
will complement similar approaches in understanding the pat-
terning differences between closely (Arif et al., 2013; Posnien et al.,
2012) and distantly (Carr et al., 2005) related ﬂies with subtle and
extreme, respectively, head shape differences.
More relevant to the topic at hand, the haploid male offspring
of hybrid females display numerous diverse, but well-deﬁned,
cranial defects. These include clefts along the bilateral midline of
the head, asymmetry along the DV axis, and lateral asymmetry.
None of the traits are seen in the parental species or in hybrid
females. These anomalies are largely governed by epistatic inter-
actions among 3 or more loci. Interestingly, it is well known that
human craniofacial abnormalities are governed by complex
Fig. 6. A segmental introgression captures a head shape locus. (A) A fully wild-type N. vitripennis male head compared to (B) a SIL male that has the N. giraulti pericentric
region of Chr2 introgressed into a N. vitripennis background. (C) Key measurements show that the SIL differs signiﬁcantly from wild type in MEYE/HL, OIO/HL, AOL/HL and
FEP/FE ratios. Triple asterisks represent measurements differing signiﬁcantly between the two species at po0.001, double asterisks represent po0.01, and single asterisks
represent po0.05. See Table 1 and Fig. 1 for details on the meaning of abbreviations.
J.H. Werren et al. / Developmental Biology 415 (2016) 391–405402epistatic interactions, which make understanding the underlying
origin and etiology of the Nasonia defects of considerable interest.
Insect models of head development, and associated abnorm-
alities, can be valuable in understanding craniofacial abnormalities
seen in humans for many reasons. First, cephalization is an an-
cestral feature of bilaterally symmetric animals so there is a
common evolutionary basis (homology) for comparison. In addi-
tion, the fusion and integration of multiple tissue types and lat-
erally symmetric imaginal discs to form a coherent functional
structure in insects can be analogized to the formation of the
vertebrate cranial case and integration of the associated sensory
and alimentary structures. Following from this, the range of de-
fects we see in the hybrids can also be analogized to those seen in
human craniofacial abnormalities. In particular, facial clefts are the
most common birth defect in human beings, and result from failed
interactions among components along the facial midline. The
clefting phenotype we observe in a large proportion of F2 hybrid
males appears to be analogous to the vertebrate anomalies such as
cleft lip and palette syndromes, and possibly could rely on
homologous molecules and/or cellular mechanisms.
A relative handful of genes have been identiﬁed that contribute
signiﬁcantly to CL/P in humans and mammalian model systems.
Examples of these include the transcription factors IRF6 (Kondo
et al., 2002; Leslie et al., 2013), GRH3 (Peyrard-Janvid et al., 2014),
DLX6 (Wolf et al., 2014), FOXE (Ludwig et al., 2014), and PAX7
(Leslie et al., 2015); the guidance signaling molecule Netrin1 (Le-
slie et al., 2015); the metalloprotease ADAMTS20 (Wolf et al.,
2015); and the FGF signaling receptor FGFR2 (Leslie et al., 2015).
Almost all of the genes so far identiﬁed (with the notable excep-
tion of IRF6 (Nehyba et al., 2009)) have clear orthologs in Nasonia
(JAL personal observation), holding out the possibility of a con-
served molecular basis between CL/P and the facial clefting we see
in Nasonia hybrids.
Another human craniofacial anomaly that may be enlightened by
Nasonia is craniosynostosis, which is a premature fusion of cranial
sutures, often causing facial malformations and brain problems
(Wilkie, 1997). While many of the identiﬁed mutations and syn-
dromes show autosomal dominant inheritance or haploinsufﬁciency(El Ghouzzi et al., 1997; Howard et al., 1997) (which we do not
observe in Nasonia), recessive inheritance consistent with a complex
genetic basis (Melville et al., 2010) and epistasis (Sharma et al.,
2013) are also observed. Since our understanding of the develop-
mental basis for most of the cranial abnormalities we observe is still
lacking, we cannot exclude the possibility of premature fusion or
differentiation of cuticular tissue underlying one or more of the
phenotypes in Nasonia hybrids.
Due to challenges in ﬁne-scale resolution of the RAPD map to
Nasonia linkage map generated using genome data (Desjardins
et al., 2013), it is not currently useful to speculate whether
homologs of the known CL/P or craniosynostosis genes are the
causative agents of some of the phenotypes seen in the Nasonia
hybrids (i.e. correspond to Nasonia craniofacial QTL). The main
value of this system is to discover novel gene interactions that are
very difﬁcult to detect even in GWAS studies (Hallgrimsson et al.,
2014). Future goals will be to identify the genes involved by po-
sitional cloning, which has been successful for other genes in-
volved in developmental differences between the species (Loehlin
et al., 2010d, Loehlin and Werren, 2012).7. The Nasonia toolbox for functional genetic and genomic
analysis
Nasonia is an emerging model genetic and genomic system for
several reasons (Lynch, 2015; Werren and Loehlin, 2009). First, the
genomic resources required for modern genetics are present in the
species complex, and allow the plausible goal of identifying the
mutations that are correlated with species differences and ab-
normal head capsule development, especially given the success in
identifying the bases for interspecies differences in wing shape
(Loehlin et al., 2010d; Loehlin and Werren, 2012). Nasonia is also
amenable to functional analyses, for example using RNAi for gene
knockdown (Lynch and Desplan, 2006), and additional tools (Ro-
senberg et al., 2014) for disrupting or altering gene function are
under development. Tools for interpreting the effects of functional
approaches such as multiplex ﬂuorescent in situ hybridization
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2010), and live imaging (Buchta et al., 2013) are readily applicable
to this species.
Another unique and distinguishing feature of the Nasonia sys-
tem is the ability to produce viable hybrid haploid males, greatly
facilitating genetic analyses, and allowing the detection and
characterization of complex gene interactions. Such analyses are
more laborious and often impractical in other species primarily
due to the exponentially increasing number of progeny needed to
detect homozygous epistatic interactions in diploids as the num-
ber of genes involved increases. The combination of the well de-
veloped developmental genetics tools, along with the awesome
power of haplo-diploid genetics make the promise of Nasonia
unparalleled among emerging model systems.
Segmental Introgression Lines (SILs) are particularly useful for
accelerating discovery of genes involved in species differences.
SILs are lines in which a chromosomal region from one species in
backcrossed into the genetic background of another. These have
been used effectively for characterization of phenotypic differ-
ences between Nasonia species (Desjardins et al., 2010; Hoedjes
et al., 2014; Loehlin et al., 2010a), as well as to jumpstart positional
cloning of QTL involved in development (Loehlin et al., 2010d;
Loehlin and Werren, 2012).
A battery of SILs have been created with segments from N.
giraulti in a N. vitripennis genetic background ((Desjardins et al.,
2013), Werren unpublished), which cover 60% of the genetic
map of Nasonia, and additional ones are being generated routinely.
Above we have described one example of a SIL which contains one
or more QTL affecting head shape. The battery of SILs can be
screened from other QTL for head shape, particularly those in re-
gions hypothesized to contain QTL. In addition, crosses between
SILs can be screened for epistatic effects on head shape, including
those which could uncover epiQTL involved in head abnormalities.
Therefore, the introgression and SIL method has promise for de-
tecting QTL and epistatic interactions useful for cloning genes in-
volved in head shape.8. Future directions
The QTL analyses presented here were performed over 15 years
ago using state-of-the-art genotyping tools (RAPDs) available at
that time. We recognize that application of genome wide geno-
typing methods (such as multiplex shotgun genotyping (Andol-
fatto et al., 2011) or whole genome resequencing), coupled with
RNA sequencing and RNA interference knockdowns, will provide a
much richer understanding of head shape regulation (and mis-
regulation) in hybrids. Our goal here is to indicate with these older
analyses, the rich potential of the system as an insect model for
cranial development and mis-regulation due to epistatic interac-
tions. However the basic crossing and phenotypic analysis strate-
gies used here will be maintained, and with time we believe the
vast majority of the genetic changes underlying the morphological
differentiation and developmental abnormalities can be identiﬁed
to single gene resolution, as shown for other morphological phe-
notypes in Nasonia.
Much work remains to understand how the defects and mor-
phological differences between species arise in the course of de-
velopment. Head morphology is established in the eye-antennal
disc during larval and pupal stages. Numerous signaling pathways
(e.g., BMP, EGF, Hedgehog, Notch, WNT (Royet and Finkelstein,
1997; Shyamala and Bhat, 2002; Weasner and Kumar, 2013; Won
et al., 2015)) and transcription factors (e.g., orthodenticle (Finkel-
stein and Perrimon, 1991), homothorax, defective proventriculus
(Kiritooshi, 2014 #179), odd paired (Lee et al., 2007) and the hox
genes labial and deformed (Stultz et al., 2012)) have been shown tobe crucial for proper patterning and proportioning of the Droso-
phila head discs. It is tempting to look for these candidate genes in
our QTL analysis. For example, The Hox cluster occurs in the
pericentric region of chromosome 4, roughly corresponding the
region containing mapped gene Nv-s6k and the visible marker
or123 (Fig. 3). Major QTL for a number of head shape phenotypes
map to this region, including for MHW/HL, OIO/HL, MEYE/HL, AND
OIO/MIO. However, many other genes occur in the region as well,
including Nv-doublesex, the sex-determining locus which has been
shown to affect wing size differences between Nasonia species
(Loehlin and Werren, 2012), and Nv-s6k, a known growth regulator
in the insulin signaling pathway. Therefore, it would be premature
to conclude that Hox genes are involved in these phenotypes, al-
though they remain viable candidates. Once a set of candidate
genes are narrowed by ﬁner-scale mapping, taking a candidate
gene approach using larval RNAi, in situ hybridization, and im-
munohistochemistry will help to improve our understanding of
the genetic bases of patterning differences between the two spe-
cies, and the origin of developmental abnormalities seen in the
hybrid males.
Research points to a crucial role of the peripodial membrane in
regulating the morphogenesis of the head capsule (Agnes et al.,
1999; Gibson and Schubiger, 2001; Lee et al., 2007; Martin-Blanco
et al., 2000; Zeitlinger and Bohmann, 1999). This process will also
be illuminated by the use of live imaging of the growth and fusion
of the discs. Protocols for the in vitro propagation, imaging, and
analysis of Drosophila imaginal discs have been developed (Aldaz
et al., 2010), and should be readily applicable to Nasonia discs.
Comparison of the development of the parental and hybrid males
will be quite informative in understanding the cellular basis of the
developmental abnormalities.
Another issue that needs resolved is the relationship between
the morphology of the head capsule and that of the internal
structures, such as the brain, glands and musculature. The adap-
tive value, if any, of the novel head shape of the N. giraulti males is
not yet known. The shape itself may be adaptive, perhaps by fa-
cilitating intra-host mating, a behavior much more prevalent in N.
giraulti compared to the other Nasonia species (Drapeau and
Werren, 1999).
Alternatively, or additionally, the head shape differences in N.
giraulti may represent accommodations to changes in morphology
of internal structures, such as the brain, glands, or musculature. In
either case, it is likely that external and internal morphologies co-
evolve to maintain compatibility, since imaginal discs generally
can develop correct morphology autonomously and ectopically in
the absence of the normal internal head anlagen (Gibson and
Schubiger, 2001). It will be interesting to explore whether some of
the craniofacial defects we see are due to developmental in-
compatibilities between internal and external structures.
While parallels between craniofacial defects with those of
vertebrates/ humans can justiﬁably be drawn, the disrupted de-
velopmental process underlying the morphological abnormalities
can also be models for basic processes at the cell and tissue level.
For example, if the midline furrow stems from the failure in fusion
of the epithelia of the two lateral eye antennal discs, this could
serve as a general model for epithelial interactions. While tradi-
tional model organisms provide powerful means to dissect such
processes, the typical approaches in these organisms focus on
mutations of large effect that act in isolation. Such mutations are
unlikely to play important roles in natural populations, making
models such as Nasonia, where complex, subtle, interactions
among multiple loci can be studied in depth, increasingly
important.
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